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Ribosome-inactivating proteins (RIPs) are toxins in-
volved in plant defense. How the plant prevents auto-
toxicity is not yet fully understood. The present study is
the first structural evidence of a naturally inhibited
form of RIP from a plant. Himalayan mistletoe RIP
(HmRIP) was purified from Viscum album leaves and
crystallized with lactose. The structure was determined
by the molecular replacement method and refined at
2.8-A resolution. The crystal structure revealed the pres-
ence of high quality non-protein electron density at the
active site, into which a pteridine derivative (2-amino
4-isopropyl 6-carboxyl pteridine) was modeled. The car-
boxyl group of the ligand binds strongly with the key
active site residue Arg!'?, nullifies the positive charge
required for catalysis, and thereby acts as a natural
inhibitor. Lectin subunits of RIPs have two active sugar-
binding sites present in 1a- and 2y-subdomains. A third
functionally active site has been identified in the 18-
subdomain of HmRIP. The 1B-site is active despite the
absence of conserved polar sugar-binding residues. Loss
of these residues is compensated by the following: (i) the
presence of an extended site where the penultimate
sugar also interacts with the protein; (ii) the interac-
tions of galactose with the protein main chain carbonyl
and amide nitrogen atoms; (iii) the presence of a well
defined pocket encircled by four walls; and (iv) a favor-
able stacking of the galactose ring with Tyr®® besides the
conserved Phe”. The mode of sugar binding is also dis-
tinct at the 1o and 2vy sugar-binding sites.

* This work was supported in part by financial aid from the Depart-
ment of Science and Technology, New Delhi, India under the Fund for
Improvement of Science and Technology (FIST) infrastructure program
(to the All India Institute of Medical Sciences) and by an infrastructure
grant from the Department of Biotechnology and the Ministry of Envi-
ronment and Forests, New Delhi, India (to the Centre for Environmen-
tal Management of Degraded Ecosystems). The costs of publication of
this article were defrayed in part by the payment of page charges. This
article must therefore be hereby marked “advertisement” in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

The atomic coordinates and structure factors (code 1YF8) have been
deposited in the Protein Data Bank, Research Collaboratory for Struc-
tural Bioinformatics, Rutgers University, New Brunswick, NeJ (http://
www.resb.org/).

| These two authors made equal contributions to this work and are
recipients of fellowships from the Council of Scientific and Industrial
Research, New Delhi, India.

§§ To whom correspondence should be addressed. Dept. of Biophysics,
All India Institute of Medical Sciences, Ansari Nagar, New Delhi
110029, India. Tel.: 91-11-2658-8931; Fax: 91-11-2658-8663; E-mail:
tps@aiims.aiims.ac.in.

20712

Ribosome-inactivating proteins (RIPs)! are translation in-
hibitors, mainly present in plants (1). They act as defense
proteins in plants (2, 3). Recent studies suggest that they can
directly inhibit the plant pathogens by inactivating their ribo-
somes, causing cell death (4). RIPs inhibit translation by their
N-glycosidase activity. They remove a specific adenine (4324)
from the universally conserved GAGA hairpin loop in 28 S
rRNA. This abolishes the ability of rRNA to bind to the elon-
gation factor and, thus, inhibits protein synthesis (5). RIPs not
only release adenine from the rRNA but also DNA as well as
poly(A) under in vitro conditions (6, 7). Based on the number
and nature of subunits, RIPs are broadly classified into the
following two types: (i) type I, monomeric glycoproteins with a
molecular mass of ~30 kDa; and (ii) type II, heterodimeric
proteins having an enzymatic and a lectin subunit of ~30 kDa
each. Type III RIPs are the newly discovered monomeric pro-
teins (<30 kDa) present in the inactive form in the cytoplasm
that get activated upon removal of a catalytic peptide (8). RIPs
are pharmacologically important proteins (9), having potential
applications in the treatment of deadly diseases in humans
such as cancer and AIDS (10, 11). Immunotoxins have been
synthesized by linking RIPs with the antibodies developed
against a surface constituent of the tumor cells. The immuno-
toxins specifically recognize and kill the tumor cells by inhib-
iting their protein synthesis and show promising results both
in vitro and in vivo.

The autologous toxicity of RIPs on the plant ribosomes under
in vitro conditions has been demonstrated by several workers,
but how the plants prevent the autotoxicity in vivo is not yet
fully understood (12, 13). It seems that plants have evolved
some cellular protective mechanisms to ensure their survival.
Compartmentalization of the toxin into specific cell organelles
is one of the proposed strategies (14). The presence of cellular
inhibitors is another possibility. Many hydrolytic enzymes
stored in plant vacuoles are known to be present in naturally
inhibited form (15). The enzyme inhibitor complex gets disso-
ciated when required, and the degradation of the substrate is
initiated. Several investigators have proposed the presence of
natural inhibitors for RIPs also (16). The natural inhibitor of a
type I RIP from Phytolacca americana, PAP, has been purified
and characterized (17, 18). However, no such natural inhibitor
for the type II RIPs has yet been identified.

! The abbreviations used are: RIP, ribosome-inactivating protein;
HmRIP, Himalayan mistletoe RIP; AICP, 2-amino 4-isopropyl 6-car-
boxyl pteridine.

This paper is available on line at http://www.jbc.org
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The mistletoe RIPs are of type II family derived from the
hemi-parasitic plant Viscum album. They constitute the active
principle of the anti-tumor mistletoe preparations widely used
in Europe (19, 20). Interestingly the antitumor effect appears
to be the result of their immunomodulatory properties rather
than toxicity (21, 22). The clinical studies have shown that the
lectin subunit of ML-I enhances the secretion of cytokines and
interleukins and increases the number of natural killer cells.
Because recognition and binding to the sugar chains present on
the cell surface of immunogenic cells are proposed as being the
first step in the biological activity (23), the variations in the
sugar binding properties of the RIPs have significance in de-
termining their medicinal potential. The lectin moiety not only
recognizes the glycoproteins and glycolipids present on the cell
surface but also binds to the intracellular galactose receptors
and facilitates the routing of toxin within the cells (24). Con-
sequently, unveiling the mode of sugar binding has immense
potential in understanding the mechanism of action of RIPs.
The Himalayan mistletoe ribosome inactivating protein
(HmRIP) has been purified from Viscum album, inhabiting the
northwestern Himalayas (25). It is known for its unique sugar
binding properties. In the present study, the natural complex
formed between HmRIP and its inhibitor (2-amino 4-isopropyl
6-carboxyl pteridine) was crystallized with lactose, and the
structure was determined at 2.8-A resolution.

EXPERIMENTAL PROCEDURES

Plant Material and Purification of HmRIP in Its Natural Form—
Field surveys of the northwestern Himalayas were carried out for the
collection of plant material. The Gouraghati reserve forest, at a height
of >6000 feet in the Chakrata ranges of the Himalayas was selected as
the sampling site. Himalayan mistletoe (V. album), the hemi-parasitic
plant parasitizing the wild apple (Pyrus pashia), was collected along
with the host stem and brought to the lab and stored at —20 °C.

The frozen leaf tissues were crushed into fine powder in presence of
liquid nitrogen. The total soluble protein was extracted in 0.2 M sodium
acetate buffer containing 0.5 M NaCl (pH 3.5). Crude extract was fil-
tered through a muslin cloth and centrifuged at 12 000 X g for 30 min.
The supernatant was filtered through 0.2-u filter. An affinity chroma-
tography column was packed with partially hydrolyzed Sepharose 4B
(25) and equilibrated with sodium acetate buffer containing 0.5 M NaCl
(pH 3.5). The sterile filtered crude extract was loaded on the affinity
column. The unbound proteins were washed off with the same buffer.
The bound protein was eluted as a single peak with 0.2 M lactose in the
same buffer. All of the fractions forming the peak were pooled and
concentrated by ultrafiltration.

Crystallization of HnRIP-I with Lactose—A concentrated sample of
the HmRIP and lactose complex (0.1 M) was prepared in 0.1 M glycine-
HCI buffer (pH 3.5). The reservoir solution contained 0.1 M glycine-HCl
(pH 3.5), 25% (NH,),SO, and 0.2 mm NaCl. The 10-ul drops of protein
solution were made and placed on the cover slips for the hanging drop
vapor diffusion method against the reservoir solution of 1000 ul in a
vial. After 3 weeks, hexagonal bipyramidal crystals were obtained at
298 K.

X-ray Intensity Data Collection and Processing—The x-ray intensity
data were collected using synchrotron beam line X13 operated by the
European Molecular Biology Laboratory outstation at Deutsches Elek-
tronen Synchrotron, Hamburg, Germany on a MAR image plate scan-
ner. The crystals were flash-frozen to 100 K. Using a wavelength of A =
0.8459-A resolution, the data were processed with DENZO and SCALE-
PACK programs (26). The crystals belong to hexagonal space group P6
(5)22 with @ = b = 109.4 A and ¢ = 309.8 A. The details of data
collection and processing are listed in Table I.

Structure Solution and Refinement—The structure was determined
with the molecular replacement method using AMoRe (27). The coordi-
nates of the native HmRIP structure were used as the starting model
(28). A distinct solution was obtained for a single heterodimer (having
the enzyme, an A chain and lectin, a B chain), which gave a correlation
coefficient and R-factor of 58.7 and 42.2%, respectively, after rigid body
refinement. The model was refined using REFMAC (29). Because, the
solvent content of the crystals of HmRIP was high (73%), TLS refine-
ment was carried out (30). Two rigid bodies were defined as chains A
and B, and their movements were modeled. This improved the quality
of electron density. Both of the chains were manually adjusted sepa-
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TaBLE 1
Crystallographic data and refinement statistics
Data collection statistics

Protein data bank code 1YF8
Space group P6,22
Unit cell dimensions (A)

a=5> 109.4

c 309.8
V,, (A*Da) 4.7
Solvent content (%) 73.8
Resolution range (A) 20.0-2.8
Number of unique reflections 26,570
Completeness® (%) 95.8 (99.7)
R, (%) 5.7 (33.6)
Overall® I/ol 11.0 (2.0)

Refinement statistics

Ry (%) 234
R (%) 28.7
Protein atoms 4018
Lactose (atoms) 2 (46)
Galactose (atoms) 1(11)
Mannose (atoms) 3(33)
N-acetyl glucosamine (atoms) 7 (98)
AICP (atoms) 1(17)
Water molecules . 107
R.m.s.® deviation in bond lengths (A) 0.01

R.m.s.? deviation in bond angles (°) 2.2

Average B-factor from Wilson plot (A2) 91.1
Average B-factor for all atoms (A?) 91.8
Residues in the most allowed regions (%) 81.3
Residues in the additionally allowed regions (%) 18.7

“ Last shell (2.85-2.8) values given in parentheses.
® Root mean square.

rately using program O (31) into the improved density with intermit-
tent cycles of refinement with REFMAC. This gave an R-factor of 0.32.
The model was rebuilt extensively using maps calculated at this stage.
This map also showed good electron densities for carbohydrate moieties
at Asn'®” in chain A and Asn®?, Asn®?, and Asn'®? in chain B, galactose
and lactose molecules at sugar-binding sites in chain B, and a ligand at
the active site in chain A. The electron densities clearly allowed the
interpretation of one N-acetyl glucosamine molecule at Asn'®? in chain
A (Fig. 1A, NAG1), two N-acetyl glucosamine residues and one mannose
residue at Asn®” (Fig. 1B, NAGI, NAG2, and MANS3), two N-acetyl
glucosamine residues at Asn®? (Fig. 1C, NAGI and NAG2), and two
N-acetyl glucosamine and two mannose residues at Asn'®? (Fig. 1D,
NAGI1, NAG2, MAN3, and MAN4) in chain B. The good electron density
also allowed us to model one galactose molecule at the 1a sugar binding
site (Fig. 24), and one lactose molecule each at the 18 (Fig. 2B) and 2y
(Fig. 2C) sugar-binding sites. For the first time a sugar molecule has
been identified at the 1B sugar-binding site. Yet another non-protein
density was clearly interpreted as the 2-amino 4-isopropyl 6-carboxyl
pteridine (AICP) molecule, presumably as a potent inhibitor of HmRIP
(Fig. 3). 107 water molecules were also included in the model provided
they met the criteria of peaks >3 o in |F, — F.| maps and hydrogen bond
partners with appropriate distance and angle geometry. All of these
residues/molecules were included in the further cycles of refinement
and manual model building. The model was improved by calculating a
series of omit maps at each stage of refinement. The final R and R,
factors were 0.234 and 0.287, respectively. A Ramachandran plot of the
main chain torsion angles (¢, {) shows that 81.3% of the residues are in
the most favored regions as defined in the program PROCHEK (32, 33).
The refinement statistics are given in Table I.

RESULTS AND DISCUSSION

The Overall Structure—The general organization of
HmRIP (Fig. 4) is essentially similar to that observed for
other type II RIPs (34-39). It is a heterodimer containing a
chain A with N-glycosidase activity and a chain B with lectin
activity. On the other hand, a closely related member of the
family ML-I can exist as a heterodimer as well as a tetramer
consisting of two heterodimers.

The chain A is divided into two non-homologous domains
(Fig. 4), A1 (1-13, 44-155) and A2 (14-43, 156-239). A signif-
icant deletion after Ser®® in the domain A1 results in the loss of
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Fic. 1. |2F, — F,| electron density
map of the sugar chains present at the
glycosylation sites at Asn'®” (A) in
chain A and Asn®’ (B), Asn®? (C), and
Asn'®? (D) in chain B of the HmRIP.
The figure was prepared in Bobscript
(62). MAN, mannose; NAG, N-acetyl
glucosamine,

(C) Asn92

one complete helix. This domain is comprised of one mixed
B-sheet and three a-helices, a2, a3, and a4 (28), in contrast to
the four helices observed in ML-I, ricin, abrin, ebulin, tricho-
santhin, etc. The helix a4 crosses over from the Al to the A2
domain. The A2 domain contains four a-helices, al and ab—a7,
and four B-strands, p2-B3, B9, and B10. The N-glycosidase
activity site is situated in the cleft formed by the association of
domains Al and A2 (Fig. 4). Tyr”®, Tyr!'° Glu'®®, Arg!®? and
Trp!®® are the key residues involved in substrate binding and
catalytic activity. In the A1 domain of the HmRIP, a 22-A-wide
cavity has been identified as the ribosome recognition site (28).
The conserved B-strands g5 and 6 form the base of the cleft,
whereas the loops between 83 and 4, 88 and o2, and 87 and 38
form the walls. Four conserved residues, Arg5!, Asp”®, Thr?
and Asn’3, represent the binding residues. The ribosome rec-
ognition site is a shallow cleft present on the surface, whereas
the N-glycosidase activity site corresponds to a well defined
deep pocket. Both sites are clearly connected through a shallow
channel. The distinct demarcation between the ribosome rec-
ognition site and the N-glycosidase activity site and the gigan-
tic size of substrates such as the ribosome suggest a double step
mechanism of action. In this mechanism the ribosome binds to
the ribosome recognition site first, which holds it in a favorable
way for the attack against the rRNA in the second step.

(A) Asn107

Crystal Structure of HmRIP-Natural Inhibitor Complex

(D) Asn132

The basic structure of chain B is highly conserved among the
type II RIPs (34-38). It folds into two well separated homolo-
gous domains, B1 (1-132) and B2 (133-255). Each of these two
domains is mainly comprised of three subdomains i.e. «, 8, and
v (Fig. 4). The o- and B-subdomains are represented by a pair
of anti-parallel B-sheets joined by a loop. The y-subdomains are
truncated and lack the C-terminal strand from the second
B-sheet. All of the subdomains except the 1a and 17y contain a
310 helix in between the two 8 sheets. A-Subdomains, which are
unrelated to the a-, 8-, and y-subdomains, also constitute part
of chain B. The 1A-subdomain connects chain A with chain B
and the 2\-subdomain links the domain B1 with domain B2.
Subdomains 18, 2a, and 28 contain an S-S bond between the
conserved Cys residues. On the other hand, the substitutions of
Asn'” and Ser®® for Cys residues in the la-subdomain rule out
the formation of the standard disulfide bond. The homologous
disulfide bridge is also absent in ML-I, although it is conserved
in ricin, abrin, and ebulin. The lack of an S-S bond and in-
volvement of the amino acid residues Tyr®*, Ala®®, Gly%®, Val™,
Arg?', Asp??, Gly*8, GIn®, Ser!®?, Ile!'°, Thr!!4 and GIn!'!®
were proposed to be responsible for the tetramerization of ML-I
(34). Despite all these features, HmRIP remains in the het-
erodimeric form.

The chains A and B of HmRIP are associated mainly by
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Kink
(R21-D23)

(A) (B) ©

Fic. 2. The |F, — F,| electron density map for the sugar molecules contoured at 3 o. A, at the 1a sugar-binding site galactose sits nicely
between the two walls formed by the conserved aromatic residue Trp®* (W34) and the kink, Arg®'-Asp?® (R21-D23), in the main chain. B, lactose is
bound at the 18 sugar-binding site, Tyr®*-Tyr®® (Y64 and Y66) form the kink, and Phe’® (F75) is the conserved aromatic residue. C, at the 2y
sugar-binding site the kink is absent and the region is represented by Ala?*' (A231); lactose is oriented parallel to the aromatic ring of Tyr®*' (Y241).

(A)

Fic. 3. A, N-glycosidase activity site
showing the |F, — F,| electron density
map for AICP contoured at 3 o. The key
active site residues are shown in ball-
and-stick model. Single letter amino acid
abbreviations are used with position
numbers here. B, chemical drawing of the
AICP showing the atom numbering.

11 1 8
N

13771274 16

hydrophobic and a few polar interactions. The H-bond between  substitution of Glu%°® by Asp in ML-I, the homologous interac-
Glu?%5 (A) O€2 and Arg®® (B) NH1 is one of the specific inter- tion is absent.
actions joining A and B subunits of HmRIP. Because of the HmRIP in Its Naturally Inhibited Form—The HmRIP is
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Al Domain

Fic. 4. Ribbon diagram of the
HmRIP structure (heterodimer)
showing the A chain (enzyme) and B
chain (lectin). The newly identified nat-
ural inhibitor AICP is bound at the N-
glycosidase active site between the Al
and A2 domains. In the B1 domain, galac-
tose is bound at the la-subdomain (pink),
and lactose is bound at the 1B-subdomain
(green). In the B2 domain, lactose is
bound at the 2y-subdomain (mustard).
Sugar chains at the glycosylation sites are
shown in gray. The figure was prepared
using MolScript (63) and Raster3D (64).
Single letter amino acid abbreviations are
used with position numbers here.

localized inside the plant vacuole (40), which has an acidic
environment. In the present study, HmRIP was purified and
crystallized under acidic conditions (pH 3.5). The present crys-
tal structure represents the model of HmRIP under acidic
conditions. It was remarkable to observe an excellent quality of
non-protein electron density at the active site (Fig. 3). The
density was highly characteristic, into which an AICP molecule
was modeled nicely. It showed clear contacts with the key
active site residue, Argl62, even at the 2.5 o cutoff in the |2F,
— F,| map. Synthetic pteridine derivatives have been identified
as some of the most potent inhibitors of RIPs in vitro (41-43).
Some of the pteridine derivatives are also abundant in plant
vacuoles and are known to inhibit the enzymes involved in the
purine metabolism (44). Based on these data and the highly
characteristic electron density, it was clear that a derivative of
pteridine was the most compatible molecule at the active site.
The side groups were added to the pteridine ring structure,
taking clues from the electron density and the negative-posi-
tive electrostatic regions of the active site. The AICP molecule
matched perfectly in the active site and interacted effectively.
AICP molecule adopts an excellent orientation and operates
like a specific lid blocking the gate of the active site of HmRIP.
The side chain of Tyr!!® was found flipped outside in the most
contrasting manner and provides sufficient space to the inhib-
itor. The AICP ligand forms several interactions with a number
of key residues at the N-glycosidase active site of the toxin
subunit (Fig. 5A). The most significant interactions are formed
between the carboxyl group of the inhibitor and the guanidium
group of Argl%2. Tyr”® OH also interacts with the N5 atom of
the ligand. It may be mentioned that the Arg'®? and Tyr’® have
been identified as the most critical residues for the N-glycosi-
dase activity of RIPs (45). Tyr!'® N and Ser!°® Oy interact with
the AICP atoms N8 and N1, respectively. In addition to the
hydrogen bonds, the propyl group of the inhibitor forms hydro-
phobic interactions with Leu?3”. This is in direct contrast with

B2 Domain

Crystal Structure of HmRIP-Natural Inhibitor Complex

N107
A Chain

(Enzyme)

B Chain
(Lectin)

AN~ ] e’

B1 Domain

most of the synthetic inhibitors, which rely mainly on the bonds
formed with the main chain carbonyl and amide nitrogen at-
oms of Gly'°® and Val”®, which belong to the 38-a2 loop and the
B6 strand, respectively. They may also have a weak N-N bond
with the key catalytic Arg. The pteroic acid based inhibitors of
ricin and ebulin make only a few contacts with Arg'%2.
Several mechanisms have been proposed for N-glycosidase
activity of RIPs (39, 46, 47). Except for one (48), all of the
mechanisms commonly highlight the essentiality of the posi-
tive charge at Arg'®? for catalysis. The importance of the pos-
itive charge was also confirmed by site-directed mutagenesis
(49). 1t is very clear from the interactions that the AICP mol-
ecule specifically and strongly binds with the active site Arg'%2.
The carboxyl group of the AICP nullifies the positive charge on
the Arg'®?, which is essential for catalysis and thereby inhibits
the activity of HmRIP. In contrast, synthetic inhibitors of ricin
and ebulin are deeply embedded inside the cleft, mimicking the
adenine base and other substrate analogs (Fig. 5B) (42, 50, 51).
They inhibit by occupying all of the space in the active site cleft.
Their deep seated location, orientation, and strong nonspecific
bonding make their dissociation and reactivation difficult. On
the other hand, the strong and specific interactions of AICP
with important catalytic residues indicate that it acts as an
inhibitor. Its appropriate orientation and shallow placement
suggests that it will be able to easily dissociate when required.
Functionally Active Sugar-binding Sites of HmRIP—Lectin
subunits of RIPs have evolved by gene triplication and then
duplication of a primitive 40-residue galactose binding peptide,
giving rise to the six subdomains (52). Each subdomain is made
up of two antiparallel B-sheets, BI and BII, connected by a
3;0-helix or a coil (BI-BII segment). The sugar-binding site is
constituted by the two-stranded BI sheet and the BI-BII seg-
ment. An aromatic ring on the one side and a three-residue
kink on the other side form the two “walls” of the sugar-binding
site. The essential aromatic residue comes from the C terminus
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$109
(A)
2654 4 Y75
L237 i
R162

(B)

Fic. 5. A, interactions between the AICP (yellow) and the residues of
the N-glycosidase activity site of chain A, which is divided between the
Al domain (cyan) and the A2 domain (Indian red). Carboxyl group of
inhibitor forms H-bonds with the guanidium group of Arg'®2. The iso-
propyl group of the inhibitor forms van der Waals interactions with
Leu?*” of HmRIP. B, differences in the placement of the natural inhib-
itor AICP (yellow), the synthetic inhibitor of ricin, pteroic acid (cyan),
and the substrate analog adenine (pink), showing the deep seated
orientation of synthetic inhibitor between the 6 strand and the $8-a2
loop. AICP with shallow placement has a strikingly different orienta-
tion. Single letter amino acid abbreviations are used with position
numbers here.

of the second B-strand of the BI sheet and forms stacking
interactions with the sugar. The kink is formed from the C
terminus of the first B-strand. The residues from N terminus of
first B-strand and the BI-BII segment provide polar interac-
tions to the sugar. Structural studies on RIPs revealed that of
the six possible galactose binding subdomains, only two subdo-
mains, la and 2v, satisfy the three structural criteria proposed
to be essential for the sugar binding, i.e. a conserved aromatic
residue, a three-residue kink, and conserved polar residues
(Asp and Asn), and, therefore, retain the functional activity
(53). The absence of any one of the above mentioned features
has been proposed to result in the loss of sugar binding ability
of the 1B, 1v, 2a, and 28 subdomains.

Detection of A New, Functionally Active Sugar-binding Site
in 1B-Subdomain—We have identified the presence of a third
functionally active sugar-binding site in the 1B-subdomain of
HmRIP. In the 1B-site, Phe” represents the aromatic residue
and Tyr%4-Tyr%® forms the kink. The domain was thought to be
functionally inactive due to the absence of the conserved sugar-
binding residues (53). The residue corresponding to the con-
served Asp is replaced by Thr?, and Asn is mutated to Ala®*.
Despite these changes, exceptionally clear electron density was
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Fic. 6. Interactions between lactose (cyan) and sugar-binding
residues (green) at the 1p-site of HmRIP. Galactose makes stacking
interactions with the aromatic ring of Phe” (F75) and Tyr®® (Y66) and
sugar 06 and 04 interact with the main chain carbonyl oxygen of Thr%
(T63) and the amide nitrogen of Val®! (V81), respectively. Glucose
stacks with the aromatic ring of Tyr®* (Y64), and the O2 of glucose also
makes an H-bond with Tyr”* OH.

observed for the complete lactose molecule (Fig. 2B). The apolar
face of the galactose stacks favorably with the aromatic ring of
the Phe”. In addition, the O6 of the sugar interacts with the
main chain carbonyl oxygen of Thr®® adjacent to the kink
region (Fig. 6). The O4 of the sugar interacts with the main
chain nitrogen of Val®!, coming from the BI-BII segment. Fur-
thermore, Tyr®® orients in a way that it is almost parallel to the
side chain ring of the Phe’®, stacking the sugar between two
aromatic residues. Interestingly, the glucose of the lactose also
interacts extensively with the protein. Tyr®* stacks with the
glucose ring. The O2 of the glucose also interacts with the OH
of another conserved Tyr’!.

A detailed analysis of the architecture and mode of lactose
binding at the 1B-site reveals the reasons for the site being
active. The conformation of the BI-BII segment is very different
at the 1B-site. As compared with the 1a- and the 2vy-sites, it is
situated much closer to the three-residue kink and aligns par-
allel to it (Fig. 7A). Tyr®® also stacks with the Phe®, making a
well defined pocket bound by four walls, i.e. the kink, Phe”®,
Tyr®®, and the BI-BII segment. In contrast, the la and 2y
sugar-binding sites are lined by only two walls.

A number of lectins recognize an additional sugar moiety
apart from the primary determinant even though they do not
show any significant activity for the second sugar as a mono-
saccharide. Such sites have been defined as extended sugar-
binding sites (54). The plant lectins use the extended site as an
additional feature to enhance their sugar binding ability. The
extensive interactions of the glucose ring with Tyr®* and Tyr"*
in HmRIP (Fig. 6) suggest that the 1B-subdomain has an ex-
tended sugar-binding site that enhances its ability to bind
sugars and compensates, in part, for the loss of the polar
sugar-binding residues. The presence of an extended site has
not been indicated in any RIP by structural studies.

The sugar binding studies carried out on ML-I and ricin
proposed it to have an extended sugar-binding site (55-57).
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FiG. 7. A, superposition of the 1a (pink),
1B (green), and 2y (mustard) sugar-bind-
ing sites of HmRIP, showing their differ-
ent conformations. At the 1p-site the BI-
BII segment has moved toward the kink,
such that the sugar binding pocket is a
well defined shallow cavity lined by the
four walls consisting of the kink, the I-
BII segment, and the side chain of Phe™
(F75) and Tyr®® (Y66). B, superposition of
the 1B-site of HmRIP (green) with ML-I
(yellow), ricin (blue), and ebulin (red),
showing architecture similar to that of
the sugar binding pocket.

However, the crystal structures of the lactose complexes with
RIPs disclosed only two functionally active sugar-binding sites,
each of which did not have any extended sugar binding site (34,
36). A comparative analysis of the structures of 1B-site in
HmRIP, ML-I, and ricin revealed that the overall architecture
of the site is similar in all of them (Fig. 7B). The conformation
of the BI-BII segment forming the third wall is conserved. The
aromatic residues Phe”® and Tyr®® that form stacking interac-
tions with the galactose are present and adopt similar confor-
mations. The other aromatic residue, Tyr®*, which stacks with
the pyranose ring of the penultimate sugar (glucose of lactose),
is also conserved. The above observations provide evidence for
the functional studies carried out on ML-I and ricin (55-57)
and suggest that the 1B-site may be active in ML-I and ricin.
The overall architecture of the 1B-site of ebulin is also similar
to that of HmRIP, ML-I, and ricin (Fig. 7B); however, the key
sugar-binding residues of the 1B-site, Phe”, Tyr®*, and Tyr®,
are mutated to Thr, Asn, and Leu, respectively. The absence of
key sugar-binding residues of the 1B-site in ebulin points to-
ward the possibility of its being inactive.

Conserved 1a Sugar-binding Site—In the la-site, all of the
features proposed as being essential for sugar binding are
conserved, and the overall architecture of the site in HmRIP is
essentially similar to that of other RIPs. The Arg®!-Asp?3 com-
prises the kink region, and Trp®* represents the conserved
aromatic residue. The conserved polar residues involved in
sugar binding are Asp'® and Asn*3. Their conformations are
also similar to those found in the other RIPs. The electron
density was present only for the galactose moiety at this site
(Fig. 2A). The galactose occupies the space between the two

Crystal Structure of HmRIP-Natural Inhibitor Complex

(A)

walls formed by Trp®* and the kink. Despite the highly con-
served architecture of the site, the galactose adopts an entirely
different conformation in the HmRIP. The pyranose ring of the
sugar is rotated at an angle of ~90° with respect to the galac-
tose bound in ML-I, ricin, and ebulin (Fig. 8A). The galactose is
shifted slightly toward the Trp3* in a way that the non-polar
face makes very strong stacking interactions with the Trp ring,
so much so that the electron density of the sugar is continuous
with that of the Trp ring even at the 2 o cutoff in a |2F, — F|
map. The Asp19 061 and 062 form strong H-bonds with galac-
tose O3 and O2 in HmRIP (Fig. 8B), whereas the homologous
Asp interacts with O3 and O4 in ML-I, ricin, and ebulin. The
Asn*® N&2 interacts with O3 in HmRIP. The interaction be-
tween the corresponding Asn and galactose O3 is conserved in
all the RIPs. GIn®2 Ne2 interacts with the O3 in HmRIP, O4 in
ML-I, O4 and O6 in ricin, and O6 in ebulin. The main chain
amide nitrogen atom of Asp?? belonging to kink region makes
an H-bond with galactose O3 and O4. The respective nitrogen
interacts with O4 in ML-I and ebulin and O4 and O6 in ricin.
N¢ of Lys37, which comes from the BI-BII segment, makes
strong H-bonds with galactose O2 in HmRIP and O2 and O3 in
ricin and ML-I. The Lys®? also makes important interactions
with Asn*® and stabilizes the conformation of this key sugar-
binding residue. The corresponding Lys is mutated to Gly in
ebulin (37). In addition, the deletion of two residues shortens
the BI-BII segment in ebulin. This allows the side chain of
Gln** (numbering as in ebulin) coming from the other side of
the BI-BII segment to take the space occupied by the Lys in the
other RIP structures and makes similar interactions. Gln** Oel
interacts with the O3 of sugar and also interacts with the N2
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FiG. 8. A, superposition of the galactose bound (GAL) at the la sugar-binding site of HmRIP (cyan) and ML-I (green). The pyranose ring of
galactose is oriented at an angle of 90° in HmRIP in comparison with ML-I. B, interactions between galactose (cyan) and sugar-binding residues
(pink) at the la-site of HmRIP. Galactose makes stacking interactions with the aromatic ring of Trp®* (W34). H-bonds are mainly formed by the
02 and the O3 of galactose. Single letter amino acid abbreviations are used with position numbers here.

of conserved Asn and stabilizes it. Thus, this position seems to
be important in the la-site.

2v Sugar-binding Site with a Distinct Conformation—The
overall architecture of the 2vy-site in HmRIP is significantly
different from that observed in ML-I, ricin, and ebulin. Because
of the deletion of two critical residues after Ala?3!, the kink is
completely absent in the 2vy-site (26, 27). As a result, it makes
the site much broader and shallower as compared with all of
the other RIPs. Tyr?*! is the conserved aromatic residue, and
Asp??® and Asn?*® are the polar sugar-binding residues. Only a
few polar interactions were observed between the sugar and
2vy-site as compared with the la-site. Despite the presence of
only a few polar interactions, electron density was exception-
ally clear for the complete lactose molecule (Fig. 2C). The
galactose ring is oriented parallel to the aromatic ring of Tyr?*!
and makes large number of stacking interactions that play a
very important role in holding the sugar inside the pocket
despite the absence of the supporting kink. The pyranose ring
of sugar is rotated at an angle of 180° in comparison to ML-I
and ricin, such that the O6 of the galactose bound in ML-I and
ricin lies opposite to the O6 of the galactose bound in HmRIP
(Fig. 9A). The conserved polar residue Asp??® 081 interacts
with galactose O3 in HmRIP (Fig. 9B). 081 and 062 of the
homologous Asp interacts with galactose O4 and O3 in ML-I
and ricin and with O3 and O2 in ebulin. The conserved Asn?*®
N&2 interacts with galactose O3 and O4 in HmRIP and ML-I,
but with only O3 in ricin and ebulin. As mentioned earlier,
because of the deletion of two residues, the 2y-site of HmRIP
has become much shallower and broader. Therefore, only one
interaction is observed between galactose O3 and the main
chain carbonyl oxygen of Val?3® from the kink region. As seen
in the la-site and the 1B-site, sugar makes important interac-
tions with the BI-BII segment. In ricin, galactose O3 interacts
with the Ne2 of His?*! belonging to this region. HmRIP, ML-I,
and ebulin have a Thr at this site. In ebulin, the sugar has a
direct interaction with the Thr because of its deep seated lo-
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calization (37); however, in ML-I it is a water-mediated inter-
action (34). In HmRIP also the interaction is possible through
a water molecule, which could not be located because of limi-
tation of the resolution.

HmRIP is known to have equal affinity for galactose and
N-acetyl galactosamines like ricin (25, 26, 58); however, ML-I
has specificity for galactose (59). The affinity of ricin for N-
acetyl galactosamine has been associated with its proposed
binding through Ser??® from the kink region; however, the
substitution of Ala for Ser in ML-I causes steric hindrance,
resulting in its reduced affinity for N-acetyl galactosamine (34).
The deletion of the corresponding residue in HmRIP has led to
the widening of the pocket that provided sufficient space to
accommodate the N-acetyl group.

As discussed, three structural features have been proposed
to date as being essential for a functionally active sugar-bind-
ing site (36, 37). A detailed analysis of the active sugar-binding
sites of RIPs suggests the importance of another structural
feature pertaining to the BI-BII segment connecting the two
B-sheets of the subdomain. In the la-site, the critical Lys
belonging to this region interacts with the sugar. It also stabi-
lizes the conformation of the conserved Asn. In ebulin, al-
though the homologous Lys is mutated to Gly, Gln** (number-
ing of ebulin) from the same segment takes its position and
offers the same interactions. In the 2v-site the homologous
region has a His in ricin and Thr in HmRIP, ML-I, and ebulin,
which form the interaction with sugar. The 1B-site lacks the
conserved polar sugar-binding residues. Instead, the same re-
gion moves closer in a way that the main chain nitrogen and
oxygen atoms interact with the bound sugar. Thus, the region
represents another important structural feature found to be
conserved at all the functionally active sugar-binding sites and
seems to be important for sugar binding.

The 2y-site in HmRIP is devoid of a kink region, and the
1B-site lacks the conserved polar sugar-binding residues. De-
spite these two important features, both of the sites were found



20720

01

(A)

to be functionally active. This indicates that the proposed
structural features are important, but not essential, and that a
sugar-binding site can be functionally active even if one of
these features is missing.

The O3 and 04 hydroxyls of galactose are known to be the
most critical moieties for successful saccharide binding in all
of the RIPs as well as the galactose-specific lectins (60). The
mode of galactose binding in HmRIP reveals that O2 and O3
hydroxyls interact with the conserved Asp, which is the most
critical polar residue involved in sugar binding. O2 and O3
are also involved in a number of interactions with other polar
residues. O4, on the other hand, does not have any interac-
tion with the conserved Asp. It only has a single nonspecific
interaction with a main chain nitrogen atom at the la-site
and a weak H-bond with the Asn?*® at the 2y-site. It shows
that the hydroxyls mainly involved in the sugar binding in
HmRIP are O2 and O3 and not O3 and O4. These results
corroborate our earlier observation based on the sugar-bind-
ing studies carried out on the HmRIP (25, 61). Although the
structure of the HmRIP-lactose complex reveals a unique
mode of sugar binding, it does not explain the high affinity of
HmRIP for L-rhamnose, L-arabinose, and meso-inositol. The
molecular basis of the unique sugar affinity of HmRIP can be
understood only if more complexes of HmRIP with various
sugars are studied structurally.

Conclusion—This is the first time that a natural inhibitor
has been detected at the N-glycosidase activity site in any type
II RIP. This indicates the possible mechanism in plants to
prevent cellular autotoxicity because of RIPs. The RIPs seems
to get activated only when required to do so, such as upon the
attack of plant pathogens. The observation of a bound sugar at
the 1B-site has, for the first time, revealed a third functionally
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Fic. 9. A, superposition of lactose bound at the 2y sugar-binding site of HmRIP (cyan) and ML-I (green). The galactose ring is oriented at
an angle of 180° in HmRIP as compared with the ML-I, with the O6 of HmRIP and ML-I lying opposite to each other. B, interactions between
lactose (cyan) and sugar-binding residues (mustard) at the 2y-site of HmRIP. Galactose makes stacking interactions with the aromatic ring
of Tyr?4! (Y241). H-bonds are mainly formed by O3 of the galactose. Single letter amino acid abbreviations are used with position numbers
here.

active sugar-binding site in the RIPs. The structure also re-
veals a novel and versatile mode of sugar binding in HmRIP.
These studies have provided the basis for evaluating the bind-
ing of different sugars to HmRIP and the design of inhibitors
against RIPs.
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